Iron tungstate (FeWO 4 ) and manganese tungstate (MnWO 4 ) belong to a family of wolframitetype materials that has applications in various areas, including supercapacitors, batteries, and multiferroics. A detailed understanding of bulk properties and defect physics in these transition-metal tungstates has been lacking, however, impeding possible improvement of their functional properties. Here, we report a first-principles study of FeWO 4 and MnWO 4 using screened hybrid densityfunctional calculations. We find that in both compounds the electronic structure near the band edges are predominantly the highly localized transition-metal d states, which allows for the formation of both hole polarons at the Fe (Mn) sites and electron polarons at the W sites. The dominant native point defects in FeWO 4 (MnWO 4 ) under realistic synthesis conditions are, however, the hole polarons at the Fe (Mn) sites and negatively charged Fe (Mn) vacancies. The presence of lowenergy and highly mobile polarons provides explanation for the good p-type conductivity observed in experiments and the ability of the materials to store energy via a pseudocapacitive mechanism.
I. INTRODUCTION
Wolframite-type iron tungstate (FeWO 4 ), see Fig. 1 , has recently been investigated as a new pseudocapacitive electrode material for high volumetric energy density supercapacitors operated in an aqueous electrolyte.
1
The superior performance of nanocrystalline FeWO 4 is thought to originate from Fe 3+ /Fe 2+ fast redox reactions at the surface. The material has also been considered for lithium-ion battery anodes.
2 It was found back in the 1980s that FeWO 4 is a "p-type semiconductor"; the electronic conduction was suggested to be governed by polaron hopping processes with the activation energy in the range 0.15−0.32 eV.
3- 5 The electrical transport properties of the Mn analog of FeWO 4 , i.e., manganese tungstate (MnWO 4 ), had also been studied with the activation energy reported to be higher, in the range 0.53−0.65 eV. 6, 7 More recently, the material has been of interest for supercapacitors 8 and multiferroics. [9] [10] [11] [12] Effects of the Mn:W non-stoichiometry on the ferroelectric transition have also been investigated, 13 though the nature of the chemical disorder is still unknown.
Computational studies of FeWO 4 and MnWO 4 in particular and transition-metal tungstates in general have been scarce. Rajagopal et al., 14 for example, investigated the electronic structure of FeWO 4 and CoWO 4 using density-functional theory (DFT) and the standard generalized-gradient approximation for the exchangecorrelation functional. However, it is well known that the method cannot describe properly the physics of complex transition-metal oxides. Ruiz-Fuertes et al.
11 studied the electronic structure of MnWO 4 (and several other metal tungstates) using the DFT+U extension; however, the on-site Coulomb interaction U term was applied only on the Mn d states. As a result, the calculated band gap is severely underestimated compared to the reported experimental values. 11 More importantly, first- principles studies of defects in the metal tungstates have completely been lacking, yet in order to understand the above-mentioned experimental observations one needs to have a detailed understanding of the defect physics. We herein report a study of bulk properties, polaron formation and migration, and native defect landscapes in FeWO 4 and MnWO 4 , using a hybrid DFT/HartreeFock method. We find that while the electronic structure allows for the formation of both hole and electron polarons, the dominant defects in the tungstates under realistic synthesis conditions are hole polarons and negatively charged Fe (Mn) vacancies. In light of the results, we discuss the electronic conduction in the materials and comment on the observed redox pseudocapacitance.
II. METHODOLOGY
Our calculations employ the Heyd-Scuseria-Ernzerhof (HSE06) screened hybrid functional, 15 the projector aug-mented wave (PAW) method, 16 and a plane-wave basis set, as implemented in the Vienna Ab Initio Simulation Package (vasp). [17] [18] [19] We use the standard PAW potentials in the vasp database which treat Fe 3d 7 4s 1 , Mn 3d 6 4s 1 , W 6s 2 5d 4 , and O 2s 2 2p 4 explicitly as valence electrons and the rest as core electrons. The HartreeFock mixing parameter and the screening length are set to the standard values of 25% and 10Å, respectively; the plane-wave basis-set cutoff is set to 500 eV. The calculations for bulk FeWO 4 and MnWO 4 (two formula units per unit cell) are carried out using a 3×3×3 k-point mesh; for other bulk phases, k-point meshes are chosen such that the k-point density stays almost the same (the smallest allowed spacing between k-points is fixed at 0.5 A −1 ). A denser, 5×4×5, k-point mesh is used in calculations to obtain electronic densities of states and dielectric constants. Defects are modelled using 2×2×2 (96-atom) supercells. Integrations over the Brillouin zone in defect calculations is carried out using the Γ point (Our computational tests using a denser, 2×2×2, Monkhorst-Pack k-point mesh gives a formation-energy difference of about 5 meV). In all calculations, structural relaxations are performed with HSE06 and the force threshold is chosen to be 0.01 eV/Å; spin polarization is included.
The formation energy of a defect or defect complex X in effective charge state q is defined as
where E tot (X q ) and E tot (bulk) are, respectively, the total energies of a supercell containing X and of an equivalent supercell of the perfect bulk material. µ i is the atomic chemical potential of species i that have been added to (n i >0) or removed from (n i <0) the supercell to form the defect. µ e is the electronic chemical potential, i.e., the Fermi level, referenced to the valence-band maximum (VBM) in the bulk (E v ). ∆ q is the correction term to align the electrostatic potentials of the bulk and defect supercells and to account for finite-size effects on the total energies of charged defects, 20 determined following the approach of Freysoldt, Neugebauer, and Van de Walle. 21 Defects with lower formation energies will form more easily and occur in higher concentrations.
The atomic chemical potentials µ i are subject to thermodynamic constraints. For example, the stability of the host compound FeWO 4 requires
where ∆H is the formation enthalpy. Similarly, the stability condition for MnWO 4 is
Further constraints involve the requirement that the host compound is stable against all competing Fe−W−O (or Mn−W−O) phases; see Sec. III B. We note that, in our current work, the zero reference state of µ Fe (or µ Mn ) and µ W is the total energy per atom of the respective bulk metals, whereas the reference of µ O is chosen to be half of the total energy of an isolated O 2 molecule at 0 K.
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III. RESULTS AND DISCUSSION
A. Bulk properties
The tungstates FeWO 4 and MnWO 4 are isostructural compounds, crystallizing in a monoclinic structure (space group P 2/c); see 
28
In addition to the ferromagnetic (FM) structure, we also explore two antiferromagnetic (AF) configurations of FeWO 4 (MnWO 4 ): one (AF1) with parallel spins within the Fe (Mn) zigzag chains along the c-axis but with adjacent chains coupled antiferromagnetically, and the other (AF2) with antiparallel spins within the Fe (Mn) chains. All three configurations are investigated using 2×1×1 supercells and a 2×3×3 k-point mesh. We find that in both compounds, the AF and FM spin configurations are almost degenerate in energy. Specifically, AF2 in FeWO 4 is higher in energy than FM and AF1 by only 6 meV per formula unit (f.u.); in MnWO 4 , AF1 and AF2 are lower than FM by 10 meV/f.u. Our results are thus in contrast to those for FeWO 4 reported by Almeida et al. 29 where the total-energy difference between the AF and FM spin configurations was shown to be much larger. Figure 2 shows the electronic structure of FeWO 4 and MnWO 4 without and with spin-orbit coupling (SOC), all in the FM spin configuration. We find that in both compounds the VBM is predominantly the highly localized Fe (Mn) 3d states, whereas the conduction-band minimum (CBM) is predominantly the empty W 5d states. The calculated band gap is 2.08 eV (without SOC) or 10,11,30,31 Given the highly localized transition-metal d states at the VBM and CBM, the formation of hole and electron polarons is expected in both FeWO 4 and MnWO 4 (which is indeed the case, as will be discussed in Sec. III C). We note that, except for the small differences in the calculated band gap values, SOC does not change the nature of the electronic structure near the band edges; see Fig. 2 . SOC can therefore be excluded in our supercell defect calculations to save on computing time since its inclusion does not change the physics of what we are presenting. Table I ), respectively. The shaded polygon is where the host compound is thermodynamically stable. In principle, µ Fe (µ Mn ), µ W , and µ O can have any values within this region. However, we will be interested in a smaller part of the stability region in which the atomic chemical potentials represent conditions that is an equilibrium between FeWO 4 , Fe 2 O 3 , and WO 3 ) to the µ O = −1.92 eV level (that contains point F where FeWO 4 , WO 3 , and W 18 O 49 are in equilibrium); see Fig. 3(a) . We note that µ O = −1.11 and −1.92 eV correspond to the oxygen chemical potential in air at about 685 and 1275
• C, respectively. 36 MnWO 4 , on the other hand, can be prepared from a solid-state reaction of MnO and WO 3 at 600
• C in air. 13 The material is also synthesized using other methods at lower temperatures. Figs. 3(a) and 3(b) .
Since the VBM of FeWO 4 is predominantly the highly localized Fe 3d states [see Fig. 2(a) ], the removal of an electron from the supercell to create η Table II . In all cases, the identity of a defect (and its constituents) is determined via a detailed analysis of the induced charge density, magnetic moments, and lattice environment.
Energetically, we find that the lowest-energy defects in FeWO 4 are η With such low formation energies, the dominant defects will occur with high concentrations during preparation at high temperatures. They are expected to remain trapped in the materials even after cooling down to room temperature; the hole polarons can then act as preexisting charge-carrying defects during electrical conductivity measurements.
D. Electronic conduction
From the defect landscapes presented in Sec. III C, we find that certain native defects have non-negative formation energies only in a small range of the Fermi-level values near midgap; see, e.g., Figs. 4 and 5. Like in other complex oxides, 38, 39 FeWO 4 (MnWO 4 ) thus cannot be p-or n-doped like a conventional semiconductor; any attempt to deliberately shift the Fermi level to the VBM or CBM via doping will lead to spontaneous formation of native defects that counteract the effects of shifting. Also, as evidenced from the results presented in Sec. III C a change from one (nominal) defect charge state to another is associated with polaron formation, indicating that the native defects cannot act as sources of free carriers. The electronic conduction in the tungstates is thus expected to occur via hopping of polarons.
The migration of a small polaron between two positions q A and q B can be described by the transfer of its lattice distortion. 40 We estimate the migration barrier (E m ) by computing the energies of a set of supercell configurations linearly interpolated between q A and q B and identify the energy maximum. In FeWO 4 , the migration barriers of η From the calculated formation energies and migration barriers, one can estimate the activation energy for conduction associated with polaron hopping. In general, the electronic or ionic conductivity can be defined as σ = qmc, where q, m, and c are the charge, mobility, and concentration of the current-carrying defects, respectively. Similar to what has been discussed in Ref. 37 in the context of battery materials, the concentration c can include both thermally activated and athermal defects,
where c a is the athermal concentration consisting of defects that may preexist in the material, c t is the concentration consisting of defects that are thermally activated during conductivity measurements at finite temperatures, c 0 is a prefactor, and k B is Boltzmann's constant. The mobility of the defects can also be assumed to be thermally activated,
where m 0 is a prefactor and E m is the migration barrier. When the thermally activated defects are dominant, i.e., c t ≫ c a , the observed temperature-dependence of the conductivity will show an intrinsic activation energy E a = E f + E m , which includes both the formation energy and migration barrier. When the athermal defects are dominant, i.e., c a ≫ c t , the activation energy will include only the migration barrier part, i.e., E a = E m .
37
In principle, both hole and electron polarons can contribute to the electronic conductivity. However, since in the tungstates the hole polarons are the dominant (preexisting) electronic defects, the hole polaron hopping mechanism is expected to be dominant, which also explains the p-type conductivity observed in experiments.
3-7 The measured activation energy for FeWO 4 was reported to be in the range 0.15−0.32 eV, 3-5 depending on how the sample was prepared. The lower limit is almost equal to the migration barrier (0.14 eV) of η + Fe obtained in our calculations. In this case, it is likely that there is a high concentration of preexisting η + Fe in the sample and the activation energy contains only the E m term as discussed above. As for the other samples, the measured effective activation energy is larger than E m and expected to depend on the c a /c t ratio. Schmidbauer et al.
5 also observed lower E a values in samples prepared at higher oxygen partial pressures, consistent with our calculations showing that E f (η + Fe ) is lower at higher oxygen chemical potential values. In MnWO 4 , the measured activation energy is in the range 0.53−0.65 eV, larger than E m (η Table II ), the polaron η + Fe is expected to be more abundant in FeWO 4 than η + Mn in MnWO 4 , which also explains why the measured activation energy is lower in the former.
E. Charge-storage mechanism
Given the materials' ability to form small polarons associated with the transition-metal ions in the bulk, we speculate that the polarons and the associated redox reactions can also occur at/near the surface. In fact, the formation energy of the polarons may even be lower at the surface than in the bulk, given the less constrained lattice environment. It is known that a pseudocapacitive charge-storage mechanism is characterized by the ability of the material to have reversible redox reactions at/near the surface when in contact with an electrolyte. 41 Our results for the polarons in FeWO 4 and MnWO 4 appear to be consistent with the fact that the materials have successfully been used as electrodes in supercapacitors, 1, 8 with the Fe 3+ /Fe 2+ redox center specifically being suggested to be responsible for the electrochemical performance observed in FeWO 4 .
1 Further studies are, however, needed to develop a more detailed understanding of the occurrence of redox pseudocapacitance in the metal tungstates. It would be interesting to explore if the W ion can also be utilized for surface redox reactions.
IV. CONCLUSIONS
We have carried out a hybrid density-functional study of bulk properties and defect physics in FeWO 4 and MnWO 4 . The lattice parameters, static dielectric constants, and band gaps obtained in our calculations are in good agreement with experiments. The electronic structure at the valence-band top is found to be predominantly the highly localized Fe (Mn) 3d states, whereas at the conduction-band bottom it is predominantly the localized W 5d states. These features of the electronic structure allow for the formation of both hole and electron polarons in the tungstates. Due to the presence of other negatively charged defects that have lower formation energies than the electron polarons, however, the dominant point defects in FeWO 4 (MnWO 4 ) under realistic synthesis conditions are small hole polarons and negatively charged iron (manganese) vacancies. Electronic conduction thus occurs via hopping of the low-formation-energy and highly mobile hole polarons, consistent with the good p-type conductivity observed in experiments. In light of the results, we also briefly comment on the redox pseudocapacitance reported to occur in the tungstate materials.
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